The swift fox (Vulpes velox) is a small grassland canid native to the North American Great Plains. A reintroduced swift fox population in Canada and northern Montana appears to be isolated from those existing in the central and southern Great Plains. We developed a swift fox habitat suitability model for southeastern Montana, the region between the 2 populations. The resulting model indicated that 67.9% of the study area consisted of highly suitable habitat. We conducted a least-cost path analysis to evaluate the connectivity of swift fox habitat in the study area to existing swift fox populations in the region. We identified a potential dispersal corridor through southeastern Montana that could facilitate movement between swift fox populations in northern Montana and northern Wyoming and identified 4 prairie dog complexes in Rosebud, Custer, and Powder River Counties, Montana, that could serve as potential swift fox reintroduction sites. Each site comprised several prairie dog colonies in close proximity and encompassed ≥ 95 km 2 . We evaluated the effect that swift fox populations established in each potential reintroduction site could have on population connectivity. Our results as well as future surveys could inform swift fox management and reintroduction programs in Montana.
Conservation biologists identify and protect corridors in an attempt to connect populations that have become isolated through habitat loss and fragmentation (reviews in Hobbs 1992; Beier and Noss 1998; Chetkiewicz et al. 2006) . Ideally, corridors increase movement and genetic exchange between populations in different habitat patches and rescue populations from extinction. The functional connectivity of patches is a consequence of 1) the composition and configuration of habitats (i.e., the pattern), and 2) the movement behavior of animals (i.e., the process- Chetkiewicz et al. 2006) . Characterizing the pattern of potential corridor habitats is typically accomplished by integrating remotely sensed data into a Geographic Information System (GIS) and conducting landscape-scale analyses (e.g., Cushman et al. 2013 ) on the spatial distribution of habitats. Describing animal movements presents greater challenges and often relies on the extrapolation of small-scale telemetry studies to landscape scales or expert opinion when such data are lacking. Whereas developing corridor conservation strategies based on patterns is widespread, strategies rarely benefit from the detailed process information needed to evaluate corridor functionality.
Several powerful analytical techniques are now available to investigators studying animal movement across fragmented habitats. For example, least-cost path (LCP) modeling uses GIS data on the amount and spatial configuration of habitats to develop a landscape "cost" surface, where every grid cell is ranked based on how it hinders or facilitates animal movement (Adriaensen et al. 2003) . Cost surfaces can be developed from telemetry data, resource selection functions, or expert opinion (Sawyer et al. 2011) , and are meant to reflect such things as mortality risks and energetic budgets. The LCP analysis uses a simple algorithm to calculate the cumulative cost for an animal moving through a landscape from patch to patch. Paths identified from the analysis can help guide the identification, acquisition, and protection of habitats to promote or maintain patch connectivity. As with any analytical technique, LCP output varies in quality based on the strength and detail of inputs. The strongest results come from studies that evaluate the appropriateness of grain size relative to how animals move across the landscape and conduct sensitivity analyses to address model uncertainty (Beier et al. 2009; Sawyer et al. 2011 Li et al. 2010) , and swift foxes (Vulpes velox -Cushman et al. 2013) .
We used LCP to evaluate connectivity between swift fox populations in northern Montana and northern Wyoming. Historically, swift foxes were distributed from Alberta, Saskatchewan, and Manitoba to New Mexico and Texas (Moehrenschlager and Sovada 2004) . Once abundant, by 1900, this species was rare or extirpated from much of its range due to rodent control programs, conversion of native grassland to agriculture, and predator eradication policies aimed mostly at wolves (Canis lupus) and coyotes (C. latrans -Egoscue 1979; Sovada et al. 1998; Schauster et al. 2002) . Changes in land use and predator control policies in the western United States have allowed swift fox populations to recover in some portions of their historic range by the mid-1900s (Egoscue 1979) . Reintroduction efforts beginning in the 1980s have also contributed to the species' partial recovery in southern Canada, northern Montana, and South Dakota.
Swift fox populations in Canada and northern Montana remain disconnected from populations in Wyoming despite some natural recolonization and reintroduction efforts. For example, Montana Fish, Wildlife, and Parks conducted sign search surveys of 100 townships in 9 counties of southeastern Montana and found swift fox tracks in only 2 townships in 2002 (Giddings 2003) . No swift foxes were detected during similar surveys conducted across the same study area in (Giddings 2007 or during camera surveys in 2010 and 2011 (Alexander 2012) . The gap in population connectivity from northern Montana to northern Wyoming stretches approximately 350 km and encompasses a mixture of land uses and ownership. Although swift foxes have the potential to disperse over 100 km from their natal areas (Ausband and Foresman 2007b; Ausband and Moehrenschlager 2009) , fragmentation of native grassland may ultimately limit swift fox populations. For example, swift foxes preferred large patches of intact grassland consisting of short, sparse vegetation in areas largely devoid of dense shrubs and cropland (Kamler et al. 2003a; Moehrenschlager et al. 2006; Russell 2006) .
We developed a habitat suitability model for swift foxes in southeastern Montana with the goal of guiding conservation efforts. We then used these results and the locations of known populations in northern Montana and northern Wyoming to evaluate population connectivity through LCP analyses.
Materials and Methods
Study area.-The study encompassed approximately 81,445 km 2 across 11 counties in southeastern Montana (Fig. 1) , the area that lies between known populations in northern Montana and northern Wyoming, and where swift foxes have not been detected despite intensive, recent survey effort (Giddings 2003 (Giddings , 2007 Alexander 2012) . The study area extended north 325 km at its greatest width from the Wyoming border (45°00′N to 48°00′N), and extended west 290 km at its greatest length from the North Dakota border (104°03′W to 107°55′W). The area included large portions of the Yellowstone, Powder, and Tongue Rivers, and was bordered to the north by the Missouri River and Fort Peck Reservoir and to the west by the Musselshell River. Vegetation was characteristic of short and mixed grass prairie of the Northwestern Great Plains Ecoregion, and was dominated by western wheatgrass (Agropyron smithii), blue grama (Bouteloua gracilis), buffalo grass (Buchloe dactyloides), and Wyoming big sagebrush (Artemisia tridentata wyomingensis). Primary land uses included ranching and dry land agriculture, mostly of small grains. Climate was semiarid and average temperatures ranged from −15.6°C in January to 33.0°C in July. Average annual precipitation was 31.3 cm and occurred mostly in May and June (Miles City, Montana, monthly climate summary 1981-2010; http://www.wrcc.dri.edu/cgi-bin/ cliMAIN.pl?mt5685). The largest towns (> 1,000 inhabitants) in the study area included Miles City (8,100), Glendive (5,000), Forsyth (1,700), and Baker (1,700).
Habitat suitability model.-We developed a swift fox habitat suitability model for the study area and surrounding counties. The model was derived from 6 habitat variables identified in multiscale logistic regression by Moehrenschlager et al. (2006) predicting swift fox presence around the Alberta/Saskatchewan border and Canada's Grassland National Park: brightness, crop density, greenness, road density, terrain ruggedness, and wetness (Table 1) . We selected habitat variables from their statistically validated model to reflect the species' use of our geographically connected and biologically similar landscape, thereby avoiding researcher bias (e.g., variable inclusion or exclusion) and arbitrary weighting of habitat variables (Sawyer et al. 2011 ). Data were generalized to 100 m 2 to accommodate the lowest resolution data. This scale is logical since swift foxes prefer habitat where visibility is ≥ 100 m, several of the habitat variables, including terrain ruggedness, greenness, wetness, and crop density impact visibility, and visibility has been shown to influence mortality and predator avoidance (Russell 2006) .
We compiled historic data of swift fox observations within and surrounding the study area from the appropriate state agencies tasked with monitoring these data. Data dates and collection protocol varied by agency, but we favored high integrity data and removed points with low location precision (> 1 km), resulting in 243 detected points (number of locations in parentheses): Montana Natural Heritage Program (159); North Dakota Game and Fish (8); South Dakota Game, Fish and Parks (7); and Wyoming Game and Fish (69). Collection dates for the data points in South Dakota were unknown, but all but 4 (98.3%) of all other data points were collected in 1999 or later, minimizing the impact on our model of changes in land use in the region. We created a detected/not detected dataset by augmenting observation points with an equal number of naïve points randomly generated using ArcGIS, excluding uninhabitable areas such as waterways and high-quality swift fox habitat identified by a previous swift fox habitat suitability model for the region (Olimb and Bly 2010) . We developed a logistic regression model (R Foundation for Statistical Computing 2012; http://www.r-project.org/) that used swift fox detections/nondetections as the dependent variable and the suite of 6 habitat attributes as the independent variables. We did not examine interactions between the variables due to relatively low sample size and lack of biological impetus for doing so. We evaluated the model using an information-theoretic model selection approach (Burnham and Anderson 2002 ) using Akaike's Information Criterion (AIC) to estimate the relationship between swift fox presence and explanatory habitat variables. To maximize sample size, we used all points in the training dataset, holding none in reserve for testing. We report Individual Sum of Squares and Estimated Sum of Squares summary statistics to evaluate the contribution of individual variables and the overall fit of the selected model.
Least-cost path analysis.-We performed a LCP analysis on the study area in ArcGIS 10.2 (Environmental Systems Research Institute, Redlands, California). The LCP analysis uses a simple algorithm to calculate the cumulative cost of moving through a landscape: for any given movement from cell N i to cell N i+1 , the cumulative cost equaled the cost to 1st reach cell N i plus the average cost or resistance of cells N i and N i+1 (Adriaensen et al. 2003) . The model employed an 8-neighbor cell relationship that allowed diagonal movement. Cumulative costs of movements between diagonal cells were multiplied by the square root of 2 to account for the longer distance traveled (Adriaensen et al. 2003) .
We assumed that swift foxes were most likely to travel through highly suitable habitat and that unsuitable habitat would act as a barrier to movement (Kamler et al. 2003b; Moehrenschlager et al. 2006) . We developed our cost surface from the reciprocal of the top 3 classes of our habitat suitability index so that cells with the highest suitability had the lowest cost; all other habitat suitability classes were given a null value to represent habitat impermeable to swift foxes (Larkin et al. 2004 ). We used existing swift fox populations in northern Montana, northern Wyoming, and western South Dakota as source areas for dispersal (Sovada et al. 2009 ). These source populations consisted of counties in which swift foxes had been detected between 2001 . Sovada et al. (2009 considered a portion of our study area to be occupied, including Powder River, Carter, Custer, Fallon, and Prairie counties. However, camera surveys conducted in the study area in 2010 and 2011 failed to detect any swift foxes (Alexander 2012; see also Giddings 2003 see also Giddings , 2007 , so we considered our 11-county study area unoccupied and defined existing swift fox populations as those occupied counties north and south of our study area.
For the initial analysis, we used the Cost Distance tool in the Spatial Analyst toolbox of ArcGIS 10.2 to calculate the effective distance, or the cumulative cost of moving across a distance through varying habitat quality, between existing swift fox populations and potential habitat in the study area. Using the Corridor Tool, we identified the most likely potential dispersal corridor between existing populations northwest and southeast of the study area by adding their effective distances and isolating the region with the lowest combined effective distance.
Existing swift fox populations in Montana and Wyoming are currently separated by at least 300 km. While long distance dispersal events ≥ 100 km have been documented (Honness et al. 2008; Ausband and Moehrenschlager 2009) , average swift fox dispersal distances range from 10 to 12 km (Schauster et al 2002; Ausband and Foresman 2007a) . It is therefore unlikely that any corridor could provide adequate connectivity between the populations, and the reintroduction of swift foxes into the corridor may be required to enhance other conservation strategies. In subsequent analyses, we added sources at potential reintroduction sites to simulate the impact that additional populations might have on the effective distance between areas of known swift fox occurrence and other parts of the study area. We identified black-tailed prairie dog (Cynomys ludovicianus) complexes in the study area encompassing ≥ 95 km 2 , which could serve as potential reintroduction sites. Prairie dogs and swift foxes have similar habitat requirements, and prairie dog complexes represent a reliable source of food as well as shelter in the form of unoccupied burrows for this highly den-dependent species, and prairie dog colonies may be important to swift fox population viability, especially in the northern part of the species' range (Allardyce and Sovada 2003) . A prairie dog complex consists of several colonies within 7 km of one another (Biggins et al. 1993) , and a complex covering ≥ 95 km 2 could support 9 swift fox pairs (Moehrenschlager and Sovada 2004) .
We used cost path analysis (ArcGIS 10.2) to determine the routes between the potential reintroduction sites and the closest existing population to evaluate connectivity and the potential for recolonization through dispersal. This analysis used the cost distance surface to identify the path between the source and the destination that accrues the least cumulative cost (Larkin et al. 2004) . Each cell in the reintroduction site was considered separately to simulate individuals traveling from all parts of the reintroduction site.
Little information was available regarding the dimensions of dispersal corridors used by swift foxes. Anecdotal evidence suggests that swift foxes utilize roads and highways during dispersal and while moving through individual home ranges, and consultation with swift fox experts (D. Ausband, University of Montana, pers. comm., April 2012; S. Grassel, Lower Brule Sioux Tribe, pers. comm., April 2012) suggested that a corridor width of 200-400 m would be ample for facilitating swift fox movement between habitat patches; thus, our final LCPs were buffered by 200 m for a corridor width of 400 m.
We quantified the impact of each site on connectivity by determining the increase in the area of lowest cost with the addition of each site to the cost distance surface. The value of a cost distance cell is determined by both the suitability of its habitat and its distance from a source. The addition of a reintroduction site to the study area decreased the distance of surrounding cells to a source, thus decreasing the cell values in the surrounding area. We modeled cost distance for existing swift fox populations and for the addition of each reintroduction site. We classified the resulting cost distance surfaces into 9 classes using Jenk's Natural Breaks and calculated the increase in area of the lowest class.
results
The habitat suitability model included 5 variables and explained nearly 65% of the variation in swift fox location (adjusted R 2 ) with Crop Density and Wetness contributing most of the explanatory power (Table 2) . Road Density was not included in the top-ranked model. The algorithm was applied to the study area and surrounding counties and Jenk's Natural Breaks classified the suitability index into 9 classes ranging from most to least suitable (Fig. 1) . Habitat falling in the top 3 suitability classes was considered highly suitable and encompassed 67.9% of the study area, while habitat in the middle 3 classes was considered marginal and habitat in the lower 3 classes was unsuitable, and encompassed 27.0% and 5.1% of the study area, respectively.
The least-cost corridor between existing swift fox populations in northern Montana and northern Wyoming encompassed parts of Powder River, Custer, Rosebud, Prairie, and McCone Counties (Fig. 2) . Unsuitable swift fox habitat in the Black Hills of South Dakota and Wyoming, as well as the Ekalaka Hills of northern Carter County in Montana (Fig. 1) , increased the cost of travel between the South Dakota and northern Montana populations and led to the exclusion of the South Dakota source from the corridor. Most of the corridor comprised privately owned land (78%); 16% was on federal land, and 6% was owned by the state of Montana.
We identified 4 prairie dog complexes that could serve as potential swift fox reintroduction sites: 1 in northern Rosebud County, 1 in northern Custer County, 1 in southern Custer County, and 1 in southern Powder River County (Table 3 ; Fig. 3 ). Between 86% and 98% of each reintroduction site consisted of highly suitable habitat and all sites were largely privately owned. LCP lengths varied among potential reintroduction sites (Table 4) . For example, the Powder River site was connected to the northern Wyoming population by 5 paths, the shortest being 10 km. In contrast, the LCPs between northern Custer County site and the northern Montana population merged in northern Prairie County to form a single line, and the shortest path was 155 km. The LCPs mostly ran through private land.
The potential contribution each reintroduction site contributed to swift fox movement varied depending on the quality of surrounding habitat and distance from other source populations (Table 5 ). For example, the addition of the Rosebud site increased the lowest cost distance class by 85.0% (Fig. 4) , while the northern Custer site added only 29.6%. In general, the Powder River prairie dog complex contributed the least to facilitating movement of swift foxes along the corridor, followed by the 2 Custer County complexes. The Rosebud prairie dog complex consistently contributed the highest percentage to facilitating movement by reducing the cost distance. The addition of all 4 reintroduction sites increased the lowest cost distance area by 178.7%. 
discussion
Our habitat suitability model for swift foxes indicated the potential for connectivity from existing border populations through preferred habitat, as identified in the top 3 classes of our Jenk's Natural Breaks classification of the suitability model. These encouraging results prompted us to conduct an LCP as a means to guide conservation efforts directed at connecting the northern Montana and northern Wyoming populations. We identified a large potential corridor that ran roughly north to south through the middle of the study area. A fairly sizeable spur traversed the study area from northwest to southeast and joined the main north-south running segment. Less suitable habitats like mountains, dense cropland, and sagebrush scrubland were avoided. The branching of the corridor in the north was partially caused by the need to bypass Fort Peck Lake on the northwestern border of the study area. The Yellowstone River cuts through the center of the study area and also impacted corridor placement, and the analysis identified several narrow "pinch points" where the corridor crossed the river. However, the ability of swift foxes to cross such barriers is not well known. Individuals may use bridges or cross in the winter when lakes and rivers are frozen ( Reintroduction has reestablished and augmented swift fox populations in South Dakota (Russell 2006; Honness et al. 2008) , Montana (Ausband and Foresman 2007a) and neighboring Canadian provinces (Moehrenschlager and Moehrenschlager 2006). We identified 4 prairie dog colony complexes for potential swift fox reintroduction and then evaluated their effect on movement costs across the study area to determine if these potential "stepping stones" would be equally effective at aiding fox dispersal. The lowest class on a cost distance surface indicates the habitat most conducive to swift fox establishment by dispersal from existing populations. The addition of reintroduced populations within the study area increased the area covered by the lowest class, thus increasing the habitat within reach of dispersing foxes.
Although each of the reintroduction areas was made up of highly suitable swift fox habitat and was included in the movement corridor we identified, they appeared to differ in conservation value. For example, the Rosebud site reduced movement costs nearly twice as much by area as the other 3 sites in scenarios where only 1 reintroduction site was used. The Custer sites had intermediate effects and the Powder River site had the least effect, although each did improve connectivity. Interestingly, the Powder River prairie dog complex was the largest and the Rosebud complex 2nd smallest. Our results provided an objective ranking of reintroduction sites based on area and number of sites considered (i.e., 1 or combinations of 2, 3, or 4 sites).
Landownership of the corridor, LCPs, and reintroduction sites we identified is largely private. Therefore, implementing swift fox conservation across southeastern Montana will require coordination among a diversity of stakeholders: landowners, nongovernmental organizations, and state, federal, and tribal governments. We suggest development of a swift fox reintroduction plan, private landowner partnerships and incentives, and fundraising to facilitate the establishment of a population in southeastern Montana. Estimated costs of 7 reintroductions in Canada, Montana, and South Dakota ranged from $950 to $5,300 per swift fox (Honness et al. 2008; Lu Carbyn, University of Alberta, pers. comm., March 2015; Greg Schroeder, Wind Cave National Park, pers. comm., March 2015) . On the high end of the cost spectrum, 942 swift foxes were reintroduced in Canada for approximately $5,000,000 (Lu Carbyn, University of Alberta, pers. comm., March 2015) . Over a 15-year period, 805 swift foxes, including 84 wild-born and 721 captive raised individuals, were reintroduced using hard release protocols. Additionally, 137 foxes were held in soft release pens for 8 months prior to reintroduction (Carbyn 1998). On the lower end, 114 wild-born swift foxes were reintroduced to Badlands National Park, South Dakota over 4 years for approximately $210,000 (Greg Schroeder, Wind Cave National Park, pers. comm., March 2015). Ideally, reintroduction costs can be reduced by strategic releases into highly suitable habitat (e.g., prairie dog colonies). The conservation value of prairie dog colonies is well established whereas implementing land use restrictions, easements, or incentives for areas containing the LCPs should be applied adaptively given the uncertainty associated with their use following reintroduction (Cushman et al. 2013) . Sawyer et al. (2011) identified 3 weaknesses in the use of LCP analyses. First, they questioned whether remotely sensed habitat maps reflected animal movement. Swift fox movement is not yet well understood. We assumed that individuals would more readily move through suitable habitat and that highly unsuitable habitat such as mountain ranges and large areas of cropland would be the primary barriers to movement in our study area. In addition, remotely sensed habitat maps have predicted swift fox occupancy in prior studies (Moehrenschlager et al. 2006) . Second, they also questioned the use of expert opinion to assign costs to particular landscape features since few studies validated the procedure. We relied on a published statistical model for the input variables in our model, thus avoiding bias in selection of habitat factors and weights. We did not conduct validation or sensitivity analysis of our model for 2 reasons. We had a limited number of high accuracy presence locations for input in our logistic regression model and therefore did not withhold a portion for post hoc testing. We intend to validate and update our model as new swift fox location data within our study area become available. Finally, Sawyer et al. (2011) questioned studies that assigned corridor lengths and widths without justification. We assigned a minimum 400-m corridor width to swift fox movement. Anecdotal evidence suggests that swift foxes sometimes follow highways when dispersing (D. Ausband, University of Montana, pers. comm., April 2012; S. Grassel, Lower Brule Sioux Tribe, pers. comm., April 2012), and 400 m was likely larger than that needed by foxes and therefore served as a conservative variable in our modeling. We intend to collect more data on swift fox locations in Montana and to incorporate those into an expanded model of predicted swift fox occurrence that, data appropriate, includes statistical validation. Several organizations recently completed a swift fox survey of the southern Alberta and Saskatchewan and northern Montana population; results are pending. In addition, a survey in central and eastern Montana was conducted in autumn 2015. Results of these surveys will be used to update our habitat suitability and LCP models and to inform future swift fox conservation and potential reintroduction in Montana.
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